Aims/hypothesis. The proinflammatory cytokine IL-1β induces apoptosis in pancreatic beta cells via pathways dependent on nuclear factor-κB (NF-κB), mitogen-activated protein kinase, and protein kinase C. We recently showed suppressor of cytokine signalling (SOCS)-3 to be a natural negative feedback regulator of IL-1β-and IFN-γ-mediated signalling in rat islets and beta cell lines, preventing their deleterious effects. However, the mechanisms underlying SOCS-3 inhibition of IL-1β signalling and prevention against apoptosis remain unknown. Methods. The effect of SOCS-3 expression on the global gene-expression profile following IL-1β exposure was microarray-analysed using a rat beta cell line (INS-1) with inducible SOCS-3 expression. Subsequently, functional analyses were performed. Results. Eighty-two known genes and several expressed sequence tags (ESTs) changed expression level 2.5-fold or more in response to IL-1β alone. Following 6 h of IL-1β exposure, 23 transcripts were upregulated. Of these, several, including all eight transcripts relating to immune/inflammatory response pathways, were suppressed by SOCS-3. Following 24 h of IL-1β exposure, secondary response genes were detected, affecting metabolism, energy generation, protein synthesis and degradation, growth arrest, and apoptosis. The majority of these changes were prevented by SOCS-3 expression. Multiple IL-1β-induced NF-κB-dependent proapoptotic early response genes were inhibited by SOCS-3 expression, suggesting that SOCS-3 inhibits NF-κB-mediated signalling. These observations were experimentally confirmed in functional analyses. Conclusions/interpretation. This study suggests that there is an unexpected cross-talk between the SOCS/ IFN and the IL-1β pathways of signalling in pancreatic beta cells, which could lead to a novel perspective of blocking two important proapoptotic pathways in pancreatic beta cells by influencing a single signalling molecule, namely SOCS-3.
Suppressor of cytokine signalling (SOCS)-3 protects beta cells against IL-1β-mediated toxicity through inhibition of multiple nuclear factor-κB-regulated proapoptotic pathways
Introduction
The proinflammatory cytokines IL-1β, IFN-γ and TNF-α are released during insulitis, an early event in the pathogenesis of type 1 diabetes. The consequent triggering of beta cell apoptosis is the result of a complex interaction between protective and destructive mechanisms depending on de novo gene and protein expression [1] . The combination of genome, transcriptome and proteome analyses reveals molecular mechanisms that are responsible for the destructive pathways and that are thus potential new targets for intervention in disease progression or recurrence in grafted beta cells [2] .
IL-1β contributes to beta cell destruction and potentially to type 1 diabetes via induction of proapoptotic proteins and pathways that are dependent on NF-κB, mitogen-activated protein kinase and protein kinase C. This induction is, in part, mediated through induced production of nitric oxide (NO) and different reactive oxygen species [1, 3, 4, 5] . In parallel, several protective mechanisms are activated, e.g. the free radical scavengers manganese superoxide dismutase (Mn-SOD), glutathione peroxidase and catalase [6, 7] , and elements with anti-apoptotic properties, e.g. thioredoxin, calbindin, bcl-2 and A20 [8, 9, 10, 11] . In general, however, the ability of the beta cell to activate a sufficient protective response is impaired, which could, in part, explain their sensitivity to the toxic effect of cytokines [12] .
Tight regulation of the signal transduction pathways activated by proapoptotic cytokines is required to prevent potentially devastating effects of inflammation on host cells. Members of the SOCS family were originally reported as immediate-early response genes, preventing IL-6 and IFN signalling through the inhibition of the phosphorylation of the signal transducers and activators of transcription (STAT) family of transcription factors mediated by the Janus kinases (JAKs) [13] . Regulated themselves by the JAK-STAT pathway, SOCS-1 and SOCS-3 therefore define negative feedback loops controlling duration and magnitude of the cellular responses to IFN [14] .
Using rat islets and beta cell lines we recently showed SOCS-3 to be a particularly effective defence mechanism against cytokine-mediated beta cell destruction [15] . Surprisingly, we found that SOCS-3, in addition to regulation of IFN signalling, also constitutes a negative feedback regulator of IL-1β-mediated signalling, capable of inhibiting the toxic effect of IL-1β. This effect, not previously described in other tissue, was associated with, but probably not exclusively caused by, inhibition of IL-1β-induced iNOS (inducible nitric oxide synthase) transcription and NO production [15] .
The aim of the present study was to further elucidate the mechanisms behind the inhibitory effects of SOCS-3 on IL-1β-mediated signalling, gene transcription and beta cell destruction. For these analyses we used insulin-producing cells with doxycycline-inducible SOCS-3 expression (INS-1r3#2), allowing characterisation of the global expression profile of IL-1β-affected early (6-h) and late (24-h) response genes in the presence or absence of induced SOCS-3 expression.
This approach revealed several transcripts known to be regulated in expression by NF-κB (including iNOS) to be inhibited by induced SOCS-3 expression. In beta cells, IL-1β-induced NF-κB signalling is known to be associated with several proapoptotic pathways, and NF-κB has been shown to be essential for iNOS transcription [16] . Inhibition of NF-κB activation, by overexpression of a non-degradable I-κB super-repressor, significantly reduces apoptosis induced by IL-1β and IFN [17, 18] . By different functional analyses we demonstrate in this study that SOCS-3 expression indeed inhibits NF-κB-dependent transcription and inhibits IL-1β-induced beta cell toxicity in a dose-dependent fashion through inhibited transcription of several proapoptotic genes.
Materials and methods
Cell culture and cytokines. The INS-r3#2 cells with tetracycline/doxycycline-inducible SOCS-3 expression were generated and cultured as previously described [15] . To analyse the effects of SOCS-3 overexpression, doxycycline (Sigma Aldrich, Saint Louis, Mo., USA) was added and the cells cultured for 1 day to allow for SOCS-3 expression. For analysis of the IL-1β effects, the cells were cultured for an additional 6 h, 24 h or 3 days in the presence or absence of IL-1β.
The concentrations of doxycycline and IL-1β were chosen based on titrations performed previously [15] and in the present study. Recombinant mouse IL-1β (5-15×10 5 U/µg) was purchased from BD Pharmingen (San Diego, Calif., USA). In the previous study [15] we used recombinant human IL-1β (4×10 5 U/µg) from Novo Nordisk, Bagsvaerd, Denmark [19] . Mass titration of IL-1β from the two different sources revealed identical toxicity profiles in the beta cell lines used (data not shown).
Functional analyses.
To measure the viability of the cells the mitochondrial activity was determined using the CellTiter 96 Non-Radioactive Cell Proliferations Assay (Promega, Madison, Wis., USA), also termed the MTT (dimethylthiazoldiphenyltetrazolium bromide) assay as described [20] . The MTT activity, measured at an optical density of A578 nm, is based on the ability of living cells to convert the tetrazolium salt into formazan via the mitochondrial enzyme succinate dehydrogenase. We previously demonstrated this to be directly proportional to the number of viable cells in the beta cells exposed to IL-1β [20] .
We measured NO production as accumulated nitrite by the Griess reagent [21] in a fraction of the culture medium used for the MTT assay. Absorbance was measured at 540 nm and nitrite concentration was calculated from an NaNO 2 standard curve.
GeneChip analysis. In order to analyse the global gene expression following IL-1β exposure in the presence or absence of SOCS-3 expression, the INS-r3#2 cells were seeded at a density of 10 6 cells per well in 6-well culture plates (Nalge Nunc International, Rochester, N.Y., USA). RNA extraction was carried out, following 6 or 24 h of IL-1β exposure, by the RNAzol method according to the manufacturer's instructions (Cinna Biotecx, Houston, Tex., USA), and was dissolved in H 2 O. To iNOS and NF-κB promoter activity. In order to investigate the inhibitory effect of SOCS-3 at the transcriptional level of IL-1β signalling, the INS-r3#2 cells were seeded in duplicate in 24-well dishes and exposed to doxycycline (0.5 µg/ml) for 1 day, prior to transfection, at approximately 75% confluence. Transient transfection was performed overnight with a total of 2 µg of plasmid DNA (0.2 µg of an internal control [pRL-TK], 0.4 µg of iNOS or NF-κB promoter construct [pGL3-Basic] and 1.4 µg of empty vector [pcDNA3; Invitrogen, Carlsbad, Calif., USA]) using SuperFect (Qiagen, Valencia, Calif., USA) according to the manufacturer's manual. The cells were cultured for an additional 6 h (NF-κB promoter analysis) or 24 h (iNOS promoter analysis) in the presence or absence of 150 pg/ml IL-1β and doxycycline. All of the iNOS promoter constructs contained the proximal 1002 bp of the rat wild-type (wt) iNOS promoter fused to a luciferase reporter gene in the pGL3-Basic vector [24] . With the exception of the wt-iNOS1002luc construct, several promoter binding sites were individually mutated: a distal NF-κB site (iNOS-1002-dNFmut), a proximal NF-κB site (iNOS-1002-pNFmut), a γ-IFN-activated site (GAS; iNOS-1002-GASmut) and an IFN-stimulated response element (ISRE; iNOS-1002-ISRE-mut) as previously described [24] .
For analysis of NF-κB-dependent gene transcription, the PathDetect NF-κB cis-Reporting System (Stratagene, La Jolla, Calif., USA) was used, with the luciferase reporter gene selectively regulated by 5× synthetic NF-κB promoter enhancer elements. The luciferase activities were assayed using the DualLuciferase Reporter Assay System (Promega) according to the manufacturer's instructions and measured using a luminometer (Berthold Technologies, Bad Wildbad, Germany).
Nuclear extract and electrophoretic mobility shift assays of NF-κB DNA binding. To investigate whether SOCS-3 inhibits NF-κB DNA binding, the INS-r3#2 cells were precultured in 100-mm dishes for 2 days in medium containing 10% FCS. Culture was continued with 0.5% FCS with or without 1 µg/ml doxycycline, and after 20 h the cells were incubated with or without 75 pg/ml of IL-1β for 15 min. Nuclear extracts were isolated and electrophoretic mobility shift assay (EMSA) was performed as described [25] . A double-stranded oligonucleotide (5′-agctAGCTTCAGAGGGGACTTTCCGAGAGG-3′; DNA Technology, Aarhus, Denmark) was used to detect NF-κB DNA binding. In supershift analysis, nuclear extracts were preincubated for 30 min at 4°C with NF-κB or STAT-1 antibodies (Santa Cruz Biotechnology, Santa Cruz, Calif., USA).
Statistical analysis.
Results are given as means ± SD. Comparisons versus the respective control groups were carried out using the Student's paired t test. A p value of less than 0.05 was considered significant.
Results

IL-1β dose-response characterisation of the INS-r3#2
cells. Dose-response experiments were performed to establish the protective window of SOCS-3 on IL-1β-induced beta cell toxicity and to find the optimal concentration of IL-1β to be used in the GeneChip analysis. Consistent with our previous analyses using IL-1β from a different supplier [15] , a 50% reduced viability, as determined by the MTT assay, was obtained using approximately 150 pg/ml of recombinant mouse IL-1β and this effect was fully prevented by induced 2000 A. E. Karlsen et al.:
minimise experimental and biological variation in the analysis, six independent experiments for each condition were performed. An equal amount of total RNA from experiments one to three and four to six was then pooled (pool 1 and pool 2 respectively). Micro-array analysis was performed on each pool as described previously [22] by hybridising 20 µg of biotinylated cRNA prepared from 10 µg of total RNA from each condition to Affymetrix GeneChip RG U34A Arrays (Affymetrix, Santa Clara, Calif., USA). Each array contains gene probe sets for approximately 7000 known genes and 1000 expressed sequence tags (ESTs). The differential expression was determined by comparison of the two arrays from each condition. For both control arrays the GeneChip Suite software MAS4.0 (Affymetrix) was used. Only differentially expressed genes that were changed in the same direction in all four comparisons and that had a mean change of 2.5-fold or more were scored as significant. The effects of SOCS-3 on the expression level of the IL-1β-affected genes were calculated and given as percentages.
Semi-quantitative RT-PCR analysis.
To verify the regulation of a selected number of genes found by the GeneChip analysis, cDNA synthesis was performed using the TaqMan Gold RT-PCR Kit (Perkin-Elmer, Boston, Mass., USA) according to the manufacturer's instructions, and the samples were subjected to a semi-quantitative PCR analysis. Amplification with specific primers was performed for an optimised (22) (23) (24) (25) (26) (27) number of PCR cycles. Each PCR sample contained template cDNA, 1× Taq DNA polymerase buffer, 50 mmol/l dNTP, 1.5 mmol/l MgCl 2 , 10 µmol/l of each primer pair, 2.5 U Taq DNA polymerase (Promega), and 0.1 MBq α 33 dCTP (Amersham Pharmacia, San Francisco, Calif., USA). The primers and their respective amplicon length were as follows: IRF-1 forward 5′-CCAGCTCTGTCACCGTGCGTCG-3′, reverse 5′-CCTTGC-CATCCACGTGCGTCG-3′ (223 bp); NF-κB p105 forward 5′-GATGAGGGAGTAGTGCCAGGCACC-3′, reverse 5′-CCCA-GACCTAACTTCTGCGCCAG-3′ (230 bp); I-κBα forward 5′-CCTCTGGCTGCCGAGCCCTG-3′, reverse 5′-CTACACTG-GCCAGGCAGCCCTG-3′ (304 bp); iNOS forward 5′-CA-GCAATGGGCAGACTCT-3′, reverse 5′-CACAGGCTGCCC-GGAAGGTTTG-3′ (247 bp); iCAM forward 5′-CCTGGAGG-TGGGCACCCAGC-3′, reverse 5′-TTCTGAGACCTCCG-GCTGGCTC-3′ (295 bp); MnSOD forward 5′-GGCTGG-CTTGGCTTCAATAAG-3′, reverse 5′-ACACATCAATCC-CCAGCAGTG-3′ (112 bp); GADD153 forward 5′-GCAT-GAAGGAGAAGGAGCAG-3′, reverse 5′-CAGCATGTGC-ACTGGAGATT-3′ (242 bp); c-myc forward 5′-AAATTCGA-GCTGCTGCCCACC-3′, reverse 5′-CCAGTTTGGCAGCGG-CCGAG-3′ (283 bp); SOCS-3 forward 5′-ATCCAGGAACTC-CCGAATG-3′, reverse 5′-GGACCCCCTCCTTTTCTTTGC-3′ (261 bp). Following separation on a 6% polyacrylamide gel, the amplified products were identified and quantified by ImageQuant hardware and software (Amersham Pharmacia).
Western blotting. For analysis of expressed iNOS and SOCS-3 protein the INS-r3#2 cells were cultured as described for the GeneChip analysis and western blotting was performed as described [23] with the following antibodies: rabbit polyclonal anti-human/murine iNOS IgG (BD Pharmingen), and murine monoclonal anti-Flag (Sigma Aldrich) for SOCS-3 (Flagtagged). The secondary antibodies were rat anti-rabbit IgG and rabbit anti-murine IgG (Cell Signalling Technologies, Cambridge, Mass., USA), both conjugated with horseradish peroxidase. Binding was visualised using X-ray films (Amersham) and the LumiGlo enhanced chemiluminescence detection kit (Cell Signalling Technologies). levels for 64 genes (35 up-regulated and 29 down-regulated). The large number of down-regulated genes after 24 h suggests activation of several secondary response pathways. Of the 48 differentially expressed ESTs (Table 2) , 29 showed more than 97% homology to known transcripts in GeneBank. Several of these were also influenced by IL-1β in a SOCS-3-dependent fashion. However, since the ESTs are not yet fully annotated, they are not discussed further.
The majority of early (6-h) changes falls within a group of immune/inflammatory response genes (group 8) including several encoding membrane proteins known to activate and amplify the cellular immune response. In contrast, after 24 h of IL-1β exposure, mainly secondary response genes were up-regulated, encoding proteins with effects on metabolism and energy generation (group 5), protein synthesis/degradation (group 4), and growth and apoptosis (group 6).
The influence of SOCS-3 expression on gene expression in the absence of IL-1β was addressed in control experiments. In 6-h experiments (doxycycline present in the 24-h preculture period + 6 h in the absence of IL-1β) the only significant change when compared with control cells cultured in the absence of doxycycline was a nine-fold up-regulation of SOCS-3 gene expression. This suggests that SOCS-3 and doxycycline had little or no influence on gene expression under these conditions. In the 24-h experiments (24-h preculture + 24 h in the absence of IL-1β) only five genes were significantly altered in expression level (lactogen receptor In contrast, striking regulatory effects of SOCS-3 were seen on multiple genes influenced by IL-1β (Table 1). A clear pattern was observed following 6 h of IL-1β exposure, reflecting a direct interaction of SOCS-3 with IL-1β-activated gene transcription. Thus, SOCS-3 inhibited the transcription by 23 to 62% in 16 of the 23 known transcripts significantly up-regulated after 6 h of IL-1β exposure ( Table 1) . Several of these early response genes are known to encode proteins involved in activation or amplification of an immune/inflammatory response (group 8), e.g. ICAM, proteasome and complement components, chemokines, mob-1 and MIP-2. Furthermore, nine of the genes have previously been shown to be dependent on NF-κB signalling (see Discussion for details). One of these, the IL-1β-induced iNOS gene expression, was clearly inhibited (49%), in line with the functional data in Figure 1 . In contrast, SOCS-3 overexpression had only minor effects on the few IL-1β-Suppressor of cytokine signalling (SOCS)-3 protects beta cells against IL-1β-mediated toxicity 2001 SOCS-3 expression (Fig. 1a) . Analysis of NO production demonstrated that the protective effect of SOCS-3 was accompanied by a dose-dependent reduction in IL-1β-induced NO production (Fig. 1b) .
Influence of SOCS on the IL-1β-activated gene expression profile.
Using 150 pg/ml mouse IL-1β, based on the titration in Figure 1 , GeneChip analyses were performed to characterise the early (6-h) and late (24-h) gene expression profiles associated with the protective effect of SOCS-3 expression on IL-1β-mediated beta cell destruction. Based on the criteria described in the Materials and methods, a total of 97 transcripts of fully annotated genes revealed differential expression patterns under the experimental conditions, i.e. a change of 2.5-fold or more in expression levels relative to the control condition. They were sorted into eight groups according to function (Table 1) . Following 6 h of exposure to IL-1β, 25 of the genes were altered in expression level (23 up-regulated and two down-regulated), whereas 24 h of IL-1β exposure resulted in altered expression Where genes are marked with *, similar results were obtained for more than one gene probe. Data are based on two independent gene array experiments and IL-1β-and/or SOCS-3-mediated differences in transcript expression were considered significant (bold numbers) when a change in the same direction was observed in all four comparisons and the mean change was 2.5-fold or more influenced genes within signal transduction (group 2) and gene transcription (group 3) after 6 and 24 h of IL-1β exposure. Finally, SOCS-3 potentiated IL-1β-induced down-regulation of some receptors, e.g. the nuclear receptor (RNR-1), lactogen receptor and prolactin receptr (group 1). The pattern appearing after 24 h of exposure to IL-1β in the presence or absence of induced SOCS-3 expression was more complex, reflecting activation of several secondary pathways resulting from the IL-1β-mediated cellular impairment. For 28 of the 35 fully annotated genes up-regulated following 24 h of IL-1β exposure, the up-regulation was reduced by 22 to 100%. Furthermore, SOCS-3 expression reduced down-regulation by 26 to 100% of 25 of the 29 transcripts significantly down-regulated following 24 h of exposure to IL-1β. This reflects the protective effect of SOCS-3 against the effects of IL-1β (Fig. 1) . For example, an approximately two-fold up-regulation of all the genes encoding the ribosomal subunits (group 4) was seen in response to IL-1β alone, whereas the expression of these transcripts was only marginally affected in the presence of SOCS-3. More strikingly, genes involved in metabolism and energy generation (group 5) fluctuated after 24 h of IL-1β exposure. This was almost fully prevented in the presence of SOCS-3. Several genes involved in growth arrest and apoptosis, e.g. GADD 153 and c-myc (group 6), and in the defence-repair mechanisms, e.g. heme oxygenase, MnSOD and HSP 70 (group 7), were up-regulated after 24 h of IL-1β exposure. This was also prevented by SOCS-3 expression. Interestingly, SOCS-3 also fully prevented the IL-1β-induced down-regulation of islet amyloid polypeptide gene expression (group 1).
To summarise, SOCS-3 overexpression did not lead to complete inhibition of IL-1β signalling, nor did it lead to equal inhibition of all affected transcripts. Nevertheless, overexpression of SOCS-3 "constructively" modulated the expression of multiple IL-1β-regulated genes, which may favour beta cell survival.
Semi-quantitative RT-PCR analysis of mRNA expression.
To validate the array analysis, a subset of eight genes with variable regulation by IL-1β and SOCS-3 were selected for semi-quantitative PCR analysis (Fig. 2) . Due to the very low levels of basal expression of some transcripts, data are displayed as percentages of expression relative to the condition inducing the highest response to IL-1β exposure, e.g. after 6 h (iNOS, IRF1, MnSOD, NF-κB-p105, iCAM, and I-κBα) or 24 h (GADD153 and c-myc). Consistent with the results of the GeneChip analysis, we observed that the mRNAs for iNOS, IRF-1 and iCAM were all induced after 6 h of IL-1β exposure. This induction was significantly inhibited by SOCS-3 overexpression. In contrast, the mRNAs encoding for NF-κB-p105 and I-κBα, although equally induced by IL-1β, were not affected significantly by SOCS-3 after 6 h of IL-1β stimulation. After 24 h, the IL-1β-induced expression of GADD153, c-myc, IRF-1 and I-κBα was significantly inhibited by SOCS-3. In summary, the results of the quantitative analyses were concordant with the results obtained in the array analysis, with the exception of the 24-h inhibitory effect of SOCS-3 on IRF-1 and I-κBα not detected in the array analysis, and on MnSOD not confirmed in the RT-PCR analysis.
SOCS-3 inhibits IL-1β-induced iNOS gene and protein expression through NF-κB signalling.
The inhibitory effect of SOCS-3 on IL-1β-induced iNOS protein expression (Fig. 3) confirmed the transcript (Fig. 2) and NO analyses (Fig. 1b) . Thus, at the maximal level of In addition to several fully annotated transcripts the experimental setup described in Table 1 also identified a number of ESTs differentially expressed relative to the level of expression in control cells studied at the same time point. "ESTs (homology ≥97%)" refers to an identification of a known gene that shares ≥97% sequence homology with the EST. On this background homology (≥97%) ESTs and genes are considered to be identical. The identified genes are given by name and GeneBank accession number. "ESTs (homology ≤97%)" refers to ESTs with homology ≤97% to known genes and are considered to be of unknown origin SOCS-3 expression obtainable in the INSr3#2 clone, a full inhibition of iNOS protein expression was seen at 6 h of exposure to IL-1β, whereas iNOS expression was partially suppressed following 24 h of IL-1β exposure. To characterise the mechanisms behind SOCS-3-inhibited iNOS gene expression, the influence of SOCS-3 on transcription factors known to be involved in IL-1β-induced iNOS gene activation was addressed. This was accomplished by measuring the ability of SOCS-3 to inhibit IL-1β-induced iNOS promoter activation using constructs with mutations in the corresponding transcription factor binding sites. SOCS-3 expression inhibited IL-1β-induced promoter activity regardless of the mutation in a proximal NF-κB site (iNOS-1002-pNFmut/pNF-κB), a γ-IFN-activated site (GAS; iNOS-1002-GASmut), or an IFNstimulated response element (ISRE; iNOS-1002-ISRE-mut), demonstrating that the effect of SOCS-3 was not mediated through any of these sites (Fig. 4) . Mutation in the ISRE element resulted in a significantly (p=0.03) increased IL-1β-induced activation of the iNOS promoter as compared with the wild-type construct, suggesting a more global suppressive effect on IL-1β-induced iNOS transcription in general although it was not influenced by SOCS-3 expression (Fig. 4) . Mutation in the distal NF-κB binding site (iNOS-1002-dNFmut/dNF-κB) fully abolished IL-1β-induced iNOS promoter activity, making it impossible to evaluate a potential inhibitory role of SOCS-3 on NF-κB activation through this site (Fig. 4) . Based on these observations and the large number of IL-1β-induced NF-κB-dependent early response genes inhibited by induced SOCS-3 expression identified through the GeneArray analysis, subsequent analyses were focused on the NF-κB-dependent pathway. The inhibitory effect of SOCS-3 on NF-κB DNA binding activity was first investigated by EMSA. The induction of NF-κB DNA binding upon stimulation with IL-1β (Fig. 5a, lane 2) was significantly reduced in the presence of SOCS-3 (lane 4). Specific binding of the probe was verified by competition with non-labelled oligonucleotides (lanes 5 and 6) and not with a non-specific oligo (lane 7). Furthermore, supershift was seen with a NF-κB-specific antibody (lane 8), whereas a non-relevant antibody (directed against STAT-1) was unable to bind the complex (lane 9).
The fact that the inhibitory effect of SOCS-3 was, at least in part, mediated through the inhibition of NF-κB activity was further demonstrated using a specific NF-κB-dependent luciferase reporter gene construct. A two-fold induction of the NF-κB transcription in response to IL-1β was observed (Fig. 5a, lane 2) . In contrast, following SOCS-3 induction, no significant IL-1β-induced NF-κB-dependent transcription was observed (lane 4).
Discussion
The ultimate goal of proteome and transcriptome analyses of cytokine-exposed beta cells is the identifica- Fig. 3 . Suppression of IL-1β-induced iNOS protein expression by SOCS-3 expression. INSr3#2 cells were preincubated for 24 h with or without Dox (0.5 µg/ml) before exposure for either 6 or 24 h to IL-1β (150 pg/ml). Cell lysates (10 µg/lane) were subjected to western blot analyses for iNOS (upper band) and Flag-tagged SOCS-3 (lower band). The figure represents four individual experiments Fig. 4 . Inhibition of IL-1β-induced iNOS promoter activity by SOCS-3. After preincubation for 24 h in the absence (white or horizontally hatched bars) or presence of Dox (0.5 µg/ml; black or diagonally hatched bars), the INSr3#2 cells were transiently transfected overnight. This was followed by 24 h of culture in the absence (white and black bars) or presence (hatched bars) of 150 pg IL-1β/ml. The figure shows the iNOS promoter activities measured by a luciferase gene reporter assay. Wt, GAS, ISRE, dNF-κB and pNF-κB refer to the wildtype construct, and the constructs mutated in the binding sites for STAT-1, IRF-1 and NF-κB (a distal and a proximal) respectively. Data are shown as the ratio of luciferase : renilla and are presented as means ± SD of four individual experiments. * p>0.02 tion of novel targets for the preservation of beta cell mass in prediabetic subjects, or the generation of genetically manipulated beta cells able to resist the immune assault after transplantation [26] . Here we focus on SOCS-3 to elucidate mechanisms underlying the unexpected inhibition of IL-1β-induced signalling and cytotoxicity to beta cells. By systematically evaluating the effects of SOCS-3 on both global gene expression and the expression of a key gene (iNOS) at the protein, mRNA and promoter activity level, we demonstrate that SOCS-3 acts at a proximal stage, preventing NF-κB activation and subsequent induction of several primary and secondary response genes. These genes encode proteins involved in intracellular beta cell destructive and defensive responses as well as proteins relevant for direct or chemokine-mediated interaction with immune cells. Interestingly, we observed low impact of SOCS-3 overexpression on the steady-state homeostatic gene expression pattern in cells cultured in the absence of IL-1β.
We have previously shown that SOCS-3 inhibited IL-1β-induced iNOS gene expression [15] , a finding confirmed and extended here using protein data, promoter studies and gene array analysis. Exposure to IL-1β in the absence of induced SOCS-3 expression resulted in up-regulation of iNOS and in NO production. It is well known that cytokines may be toxic to beta cells through different mechanisms. Indeed, our previous analysis of the effect of SOCS-3 on the toxicity induced in INS-1 cells exposed to IL-1β or IFN supported this notion [15] . Here, toxicity in response to IL-1β was associated with induced NO production, previously shown to be a key component in IL-1β-induced toxicity, whereas exposure to IFN alone resulted in an NO-independent toxicity, suggested to be associated with induced ICE expression [27] . The fact that two independent mechanisms may be activated in a dose-and time-dependent fashion is further supported by the finding that although NO was induced in INS-1 cells following 24 h of exposure to a combination of IL-1β (10 U/ml) and IFN (100 U/ml), the toxic effect was not prevented by inhibition of NO by the iNOS blocker N G -monomethyl-L-arginine [28] . In contrast, in other studies exposing INS-1 for a longer time and/or at a higher concentration to IL-1β alone revealed a clear NO-dependent toxicity that was prevented by blocking NO production with the same Larginine analogue [6, 29, 30] . Similar NO-dependent impairment of beta cell function and/or induced toxicity has been demonstrated following IL-1β exposure of isolated rodent or human islets of Langerhans as well as by the protective effects of NOS inhibitors on the development of type 1 diabetes in animal models (reviewed in [4, 31] and [32, 33, 34] ).
Experiments addressing the combined effect of IL-1β and IFN on the gene expression profile using INS-1 cells revealed an NO-dependent effect on the expression of approximately 50% of the late response genes (8-24 h), affecting protein synthesis/degradation, metabolism and energy generation, growth arrest, apoptosis, redox regulation and chaperone functions [28] . No NO-dependent genes were observed among the early response genes, reflecting the fact that production of NO was first detected after 12 h of cytokine exposure [28] . Here we demonstrate that in the presence of SOCS-3, several of these late effects of IL-1β were prevented. In contrast, SOCS-3 overexpression had little effect on IL-1β-mediated up-regulation of the early response genes involved in signal transduction and gene transcription. Within the group of immune/inflammatory response genes, SOCS-3 expression clearly prevented transcription of the majority of the early response genes (ICAM, proteasome and complement components, chemokines, mob-1 and MIP-2) without any effect on the late response genes.
Focusing on the early response genes, it appeared that 16 of the 23 IL-1β-up-regulated transcripts were affected (>23%) by SOCS-3 overexpression. Among these, nine genes, namely iNOS, ICAM, complement C3, Mob-1, MIP-1, CX3C, NF-κB-p105, IRF-1 and fibrinogen-γ are usually regulated in an NF-κB-dependent manner [3, 18, 35, 36, 37, 38, 39, 40, 41] , suggesting that inhibition of IL-1β signalling by SOCS-3 affects the NF-κB pathway. Furthermore, all of these transcripts were previously shown to be independent of induced NO production [28] . Sequential mutations in a proximal NF-κB binding site, a GAS site and an ISRE site in the iNOS promoter did not influence the inhibitory effect of SOCS-3 on IL-1β, indicating that the effect was primarily mediated by interference with NF-κB binding to the distal NF-κB binding site. Indeed, NF-κB binding to the distal NF-κB binding site of the iNOS promoter was shown to be essential for iNOS gene transcription [3] .
As demonstrated by our EMSA analysis, SOCS-3 inhibited the DNA binding activity of NF-κB following 15 min of IL-1β exposure, suggesting that SOCS-3-mediated inhibition of IL-1β is an early event, possibly exerted via inhibition of post-translational modification, e.g. phosphorylations, known to be necessary for NF-κB-mediated signal transduction [42] . The inhibitory effect of SOCS-3 on NF-κB was furthermore detected by our NF-κB-dependent reporter assay following 6 h of IL-1β exposure, a time point at which several NF-κB-regulated genes, identified by the array, were suppressed by SOCS-3. This demonstrates that SOCS-3 inhibits IL-1β signalling and gene regulation, at least in part, through inhibition of NF-κB signalling. To our knowledge, this is the first demonstration of NF-κB as a target for SOCS-mediated inhibition of IL-1β-activated signalling.
The ability of both SOCS-1 and SOCS-3 to inhibit IFN-mediated signalling by inhibiting phosphorylation and resulting activation of the JAK-STAT pathway is well documented [14] and both SOCS-1 and SOCS-3 have been shown to inhibit IFN-mediated signalling in beta cells [15, 43, 44] . Until now, however, SOCS-3 is the only member of the SOCS family that has been shown to also interfere in the IL-1β signalling associated with beta cell destruction [15] . Thus, further analyses are needed to clarify in detail the molecular mechanisms involved in this novel effect of SOCS-3 and to investigate to what extent other members of the SOCS family possess the same ability.
During the evaluation of the gene expression profile following 24 h of IL-1β exposure, nearly all transcripts were partly suppressed (range 30-50%) by SOCS-3, in line with the partial inhibition of iNOS. This is sufficient to fully suppress apoptosis (Fig. 1) [15] . Interestingly, a few of the IL-1β-induced genes (24 h, group 6) were completely suppressed by SOCS-3, namely the proto-oncogene c-myc, the long interspersed repetitive DNA sequences (LINE)-3 and -4, the 2.4-kb long interspersed repeat DNA, and the L1 retroposon ORF2. They have all been implicated in the induction of apoptosis [45, 46, 47] . Since initiation of apoptosis is a point of no return, we speculate that the induction of these transcripts in IL-1β-exposed cells defines a threshold after which the apoptotic program is initiated.
In primary beta cells, c-myc has been shown to be a cytokine-up-regulated NF-κB-dependent gene [18] and overexpression of c-myc in beta cells in transgenic mice increased both beta cell proliferation and apoptosis, with eventual predominance of the apoptotic effect leading to beta cell loss and hyperglycaemia [45] . The ability of c-myc to mediate cytokine-induced apoptosis appears to be dependent on site-specific phosphorylation of this proto-oncogene by MAPK or c-Jun NH2-terminal kinase (JNK) [48, 49] . Interestingly, JNK is highly activated by IL-1β in beta cells and JNK inhibition has been shown to prevent IL-1β-mediated beta cell apoptosis [50, 51] .
Less well known is the group of genes (termed LINEs) represented by LINE-3, LINE-4, the 2.4-kb long interspersed repeat DNA and the L1 retroposon ORF2. They all represent transposable elements that replicate via an RNA intermediate (retro-transposons) similar to that of retroviruses, and they are present in thousands of copies throughout the genome. Usually, LINEs are termed silent "fossil DNA" without transcriptional potential and are widely used as markers in genetic and phylogenetic studies [52] . However, several studies have reported functional features of the LINE elements [46, 47, 53] , including a strong association with apoptosis. The relevance of these DNA elements in beta cell destruction is at present unknown, and it cannot be ruled out that our findings represent a clone-specific phenomenon.
We did not observe up-regulation of Fas, which is a known cytokine-induced gene in the beta cell. However, consistent with previous findings [22, 28] , this gene has not been shown to be regulated in either purified primary rat beta cells or INS cells subjected to mRNA array analysis by arrays similar to ours. Still, the gene has been found to be regulated by more traditional mRNA approaches [36, suggesting that the Fas probes located on the array may display poor affinity/hybridisation to this particular mRNA.
Likewise, we did not observe increased SOCS-3 transcription in the INS-1r3#2 cells in response to the IL-1β concentration used. In our previous RT-PCR analysis of rat islets, we observed a small but significant induction of SOCS-3 mRNA expression using a similar IL-1β concentration [15] . However, IL-1β-induced SOCS-3 transcription was dose dependent and SOCS-3 mRNA expression was much higher at a higher dose of IL-1β. Indeed, SOCS-3 was also found to be up-regulated by IL-1β in previous gene array analyses using a rat insulinoma RIN cell line [54] . In the present gene array analysis, SOCS-3 was shown to be down-regulated. However, as evident from the RT-PCR analysis, this reflects calculations based on a very low basal expression level. The difference in IL-1β-induced SOCS-3 expression between the different systems may reflect differences in kinetics, well known among different beta cell lines as well as among native islets of different species.
Proteome analyses of IL-1β-exposed rat islets revealed a complex pattern of altered protein expression involving both protective and deleterious mechanisms, as well as many posttranslational modifications reflecting activation/deactivation of multiple pathways [26] . Subsequently, transcriptome-based analyses have confirmed and expanded these observations [55] . The combination of experimental genome, transcriptome and proteome analyses with bioinformatics may help to elucidate molecular mechanisms underlying beta cell destruction mediated by proinflammatory cytokines, and may provide valuable information about the pathogenesis of type 1 diabetes as well as targets for the development of preventive or curative strategies [26] . The possibility of intervening in this process by overexpressing protective proteins in islets transplanted to diabetic animals has recently been demonstrated. Overexpression of A20, a zinc finger protein inhibiting NF-κB activation and subsequent cytokine-or Fas-mediated apoptosis, protected transplanted islets and reduced the number of islets required to obtain normoglycaemia by 50% in a rat model of type 1 diabetes [11] . Furthermore, the potential of pharmacological modulation of protective processes was substantiated by the finding that a vitamin D analogue inhibited cytokine-induced beta cell apoptosis through induction of A20 expression [56] . That members of the SOCS family may indeed represent interesting targets in the aim to prevent beta cell destruction is supported by the recent demonstration that overexpression of SOCS-1 under the insulin promoter prevented the development of diabetes in one of two transgenic NOD lines established [44] .
In conclusion, we have demonstrated that SOCS-3 overexpression not only prevents IL-1β-induced beta cell destruction but also prevents IL-1β-induced upregulation of transcripts encoding several surface markers and chemokines that could activate or potentiate an immune assault against the beta cells. SOCS-3 represents an attractive target for the development of novel means to prevent immune-mediated beta cell destruction associated with type 1 diabetes through simultaneous inhibition of signal transduction at proximal stages of IFN-induced JAK-STAT-induced and IL-1β-induced NF-κB-dependent proapoptotic pathways.
